The aim of this study was to assess the association between smoking, food consumption, and antioxidant vitamin intake and plasma indexes of oxidative stress and antioxidant defenses in French adults. Food and nutrient intakes of 459 healthy men aged 23-57 y were estimated by the diet history method and analyzed by smoking status. Plasma ␣-tocopherol, ascorbic acid, and carotenoids were measured as antioxidants and malondialdehyde, protein Schiff bases, and autoantibodies against malondialdehyde-protein adducts as oxidative stress indexes. Smokers ate less fruit and vegetables than nonsmokers, leading to lower vitamin E, vitamin C, and carotene intakes, even after adjustment for age, education, and marital status. Unlike vitamin E, plasma ascorbic acid and ␤-carotene concentrations were reduced in smokers compared with nonsmokers and were inversely related to cigarette consumption. This difference remained significant after adjustment for alcohol and dietary intakes. Among the measured oxidative stress indexes, only Schiff base concentration was positively related to the number of cigarettes smoked. In our sample of French men, smoking had an adverse effect on antioxidant status; vitamin intakes were reduced in smokers and plasma antioxidant indexes were altered independently of dietary intakes. As in other countries, in France smokers require particular attention in terms of public health intervention.
INTRODUCTION
Cigarette smoking is a well-known risk factor for both cardiovascular disease and cancer. Cigarette smoke contains a large number of oxidants, leading to the hypothesis that many adverse effects of smoking result from oxidative damage. Cigarette smoke also contains large amounts of free radicals that could directly initiate and propagate the process of lipid peroxidation. It has been proposed that smoking may favor LDL oxidation in vivo (1) . Thus, this phenomenon might contribute to the causative link between smoking and atherogenesis. Evidence that smokers are subjected to oxidative stress includes the findings that smokers have lower concentrations of antioxidants than do nonsmokers and the risk of coronary artery disease in smokers correlates inversely with their intake of antioxidants (2) . Indeed, smokers were found to have poorer dietary habits and less healthy lifestyles than nonsmokers, and several studies reported a decreased intake of antioxidant vitamins and other antioxidants in smokers (3) (4) (5) (6) . An imbalance between prooxidants and antioxidants, linked to decreased smoke-related antioxidant capacity and increased free radical generation, especially in the arterial tissue, might render smokers more prone to peroxidative stress (7) . This imbalance may be important in the etiology of cancer and cardiovascular diseases. The purpose of our study was to describe the relations between smoking and both dietary intakes and plasma concentrations of indexes of antioxidant defenses and oxidative stress in a sample population of healthy French men consisting of current smokers, exsmokers, and nonsmokers.
SUBJECTS AND METHODS

Subjects and diets
Data were collected from 459 supposedly healthy men, aged 20-60 y, attending the Center for Preventive Medicine of Vandoeuvre-les-Nancy, France, for a health checkup. Subjects were identified from the files of the National State Health Insurance Fund. Among them, 146 were nonsmokers, 125 were former smokers, and 188 were current smokers. Smokers were categorized as moderate smokers (n = 104) when they smoked < 20 cigarettes/d and as heavy smokers (n = 84) when they smoked more. Informed consent was obtained from the subjects and the research protocol was approved by the Scientific Committee ofeducation, working status, drinking habits, vitamin-mineral supplement consumption, and drug consumption. All subjects underwent a complete medical examination and a biological screening.
The diet history method was used to collect information on each subject's diet during the previous year (8) . Intakes of different food items and mixed food dishes were determined in interviews guided by a preformed questionnaire. Intakes of foods with strong seasonal fluctuation were determined separately for different seasons. The time taken for the interview averaged 40-45 min. Daily intakes of different food items and nutrients were calculated using the CIQUAL food composition table, which includes recipes for mixed food dishes and gives nutrient contents for separate food groups (9) . Vitamin E values, in ␣-tocopherol equivalents, were calculated from measurements of ␣-tocopherol and other compounds with vitamin E activity by use of recommended conversion factors (10) . Dietary carotenoids were estimated in ␤-carotene equivalents, consisting of ␤-carotene and half of the amounts of ␣-carotene, ␥-carotene, and cryptoxanthin. Vitamin intakes were based on the vitamin contents of cooked and uncooked foods.
Blood measurements
Venous blood samples were collected after a 12-h fast into heparin-containing, EDTA-coated tubes or dry vials (Becton Dickinson, Rutherford, NJ) between 0730 and 0830. The blood was centrifuged at 1000 ϫ g for 15 min at +4°C. Plasma samples for ␣-tocopherol, retinol, carotenoids, and ascorbic acid determinations were promptly stored at Ϫ80°C until analyzed and sera for determination of malondialdehyde, protein Schiff bases, and autoantibodies against malondialdehyde-protein adducts were stored at Ϫ196°C until analyzed. For ascorbic acid, plasma samples were stabilized by adding metaphosphoric acid (5%, mass:vol) immediately after separation from the cells (1:9, by vol).
Reversed-phase HPLC was used for the simultaneous determination of retinol and ␣-tocopherol in plasma as described by Rudy et al (11) . Analytes were isolated by liquid-liquid extraction, concentrated by evaporation, and then subjected to chromatography on a C 18 , 15 cm ϫ 4.6 mm ODS 5-m column (Beckman Instruments, Gagny, France) with a water:methanolethyl acetate:isopropanol solvent system. ␣-Tocopherol and retinol were spectrophotometrically detected at 292 and 325 nm, respectively. Standards (␣-tocopherol, retinol, ␣-tocopherol acetate, and retinol acetate) were purchased from Fluka Chemie AG (Buchs, Switzerland) and solvents (HPLC grade) were from Merck (Darmstadt, Germany). Ascorbic acid concentrations were determined by using the method of Deutsch and Weeks described by Brubacher and Vuilleumier (12) . Plasma carotenoids were assayed by HPLC with canthaxanthin and echinenone as internal standards (Hoffmann-La Roche AG, Basel, Switzerland) and an acetonitrile:methylene chloride:methanol mixture (70:20:10) as the mobile phase (13) .
Malondialdehyde was assayed according to the fluorimetric method described by Dousset et al (14) . Autoantibodies against malondialdehyde-protein adducts were determined with an enzyme-linked immunosorbent assay as published previously (15) . Schiff bases were evaluated by fluorescence measurements, as described by Tsuchida et al (16) , with a Jobin-Yvon JY3CS spectrofluorometer (Lonjumeau, France) with excitation and emission wavelengths of 400 and 466 nm, respectively. Serum total cholesterol and triacylglycerol were measured with commercially available kits on an AU 5000 apparatus, all from Merck. Apolipoproteins A-I and B were determined by nephelometry with the BNA analyzer and reagents from Behring (Rueil-Malmaison, France).
Statistical analysis
Statistical analyses were performed with BMDP statistical software (Los Angeles). Chi-square statistics were used to compare sociodemographic and behavioral characteristics of study subjects by smoking groups. Mean daily food and nutrient intakes and blood indexes were analyzed by analysis of variance (ANOVA) followed by a Student-Neuman-Keuls multiple-range test. Differences were tested for crude values and after adjustment for possible confounding factors such as age, education, and marital status for dietary data and after adjustment for age, vitamin intakes, alcohol consumption, and plasma lipids for biological indexes. A P value ≤ 0.05 was used as a threshold of significance.
RESULTS
Demographic, physiologic, and behavioral characteristics
The smoking status of the four groups is presented in Table 1 . Exsmokers smoked in the past significantly less than the current heavy smokers but more than moderate smokers. Heavy smokers had smoked a longer time than moderate smokers, and a greater proportion inhaled the smoke. Exsmokers were significantly older than both nonsmokers and the two groups of smokers. Height did not differ by smoking status but exsmokers weighed 3.1-4.7 kg more than nonsmokers and smokers and thus had higher body mass indexes (BMIs; in kg/m 2 ). Smokers and exsmokers differed from nonsmokers with respect to the demographic and health behavioral characteristics assessed. Education level differed significantly across smoking groups: a lower proportion of heavy smokers had a high education level. There was a significant difference in marital status between the four groups, the proportion of males who were married being higher in nonsmokers and moderate smokers. However, no significant differences in working status were noticed between the four groups. Intakes of supplemental multivitamins were slightly more frequent in nonsmokers and exsmokers than in smokers (this difference was not tested for statistical significance because of the limited number of subjects) but there were no significant differences in vitamin C supplementation among groups.
Food groups
Analyses of food group intakes according to smoking status are presented in Table 2 . ANOVA showed significant differences in consumption of dairy products, meat products, pastries and cookies, potatoes, and other vegetables. Heavy smokers consumed less milk, yogurt and fresh uncured cheese, cheese (soft, semisoft, hard, and processed cheese), pastries and cookies, and vegetables than nonsmokers. Conversely, the intake of meat, organs, and poultry; pork butcher's meat; and potatoes was lower in nonsmokers than in smokers. Student-Neuman-Keuls tests showed that exsmokers did not have significantly different intakes of cheese, meat products, potatoes, and other vegetables than nonsmokers; they resembled heavy smokers with respect to milk consumption and were between nonsmokers and heavy smokers for intakes of yogurt and fresh cheese and pastries and cookies. For the food groups for which intakes were different among the smoking status groups, intakes of moderate smokers were often between those of nonsmokers and heavy smokers. Multivariate adjustment for age, marital status, and education level did not reduce the strength of associations between dietary components and smoking status.
Macronutrients, alcohol, and vitamins
As shown in Table 3 , the two groups of smokers tended to have higher total energy intakes than nonsmokers and exsmokers, although the difference was not significant. Subtracting the energy intake contributed by alcohol from total energy intake reduced this difference. Exsmokers and moderate smokers consumed nearly twice as much alcohol as did men who did not smoke, and heavy smokers nearly three times as much. In comparison with nonsmokers and exsmokers, smokers consumed a significantly higher proportion of their total alcoholic intake as beer. Smoking was not associated with intakes of total protein, protein from animal products, carbohydrate, sugar, or total fat, expressed in g or % of intake. However, the percentage of fat as saturated fat was lower in exsmokers than in nonsmokers whereas the percentage as polyunsaturated fat was higher. Heavy smokers consumed a larger proportion of monounsaturated fat and less fiber than the other groups, but there was no significant difference in intake of cholesterol. After confounders (age, marital status, and education status) were adjusted for, smoking remained significantly associated with fatty acid and fiber intakes.
Dietary intakes and nutrient densities of vitamin C, vitamin A, and carotene differed significantly across the smoking groups ( Table 4) : heavy smokers had significantly lower intakes than the other groups. Variations in moderate smokers were limited. Exsmokers consumed more vitamin E and had a higher nutrient density for this vitamin than did heavy smokers. This inverse association between smoking and dietary vitamin intake persisted after adjustment for age, marital status, and education status.
Plasma factors
Total cholesterol concentrations were unrelated to smoking status but triacylglycerol concentrations were significantly higher in exsmokers and smokers than in nonsmokers. Apolipoprotein A-I and B concentrations differed significantly across groups, apolipoprotein A-I being lower and apolipoprotein B higher in heavy smokers ( Table 5) . Concerning blood oxidative SMOKING, DIET, AND ANTIOXIDANT STATUS 233 Table 6 , plasma ␣-tocopherol concentrations were significantly higher in exsmokers than in nonsmokers, smokers and exsmokers having intermediate concentrations.
Plasma ascorbic acid and β-carotene concentrations differed significantly among groups, with smokers having lower concentrations than nonsmokers. No significant differences were found for plasma retinol, ␣-carotene, zeaxanthin-lutein, lycopene, or ␤-cryptoxanthin according to smoking status; however, heavy smokers tended to have lower plasma concentrations of ␣-carotene, lycopene, and ␤-cryptoxanthin than nonsmokers.
The decrease in plasma ascorbic acid and ␤-carotene concentrations in smokers persisted even after statistical adjustment for the confounders (vitamin intake, alcohol consumption, age, and plasma lipid concentrations), whereas the difference in plasma ␣-tocopherol between exsmokers and heavy smokers disappeared. In smokers, the increase in protein Schiff bases remained after statistical adjustment for the potential confounders of this index: vitamin intake and plasma concentrations, alcohol consumption, age, and plasma lipid and albumin concentrations.
DISCUSSION
This study was the first to focus on a large French sample of supposedly healthy nonsmokers, exsmokers, and current smokers who were selected randomly from a population attending a center for preventive medicine. Our data confirm results obtained in populations in the United Kingdom, United States, Australia, Netherlands, and Finland suggesting that heavy smokers (those who smoke > 20 cigarettes/d) have poorer dietary patterns than nonsmokers concerning several indexes that may increase cancer and cardiovascular risk.
We found that smokers tended to consume more total energy than nonsmokers, as reported by most studies (4, 5, 17, 18) . However, this difference can be attributed to higher alcohol consumption in smokers (18) (19) (20) (21) . Confirming results of others (4, 5, 18, 22, 23), we found little difference by current smoking status in intakes of fat, saturated fat, and cholesterol-dietary variables associated with coronary artery disease-whereas percentage of fat as monounsaturated fatty acid was higher in smokers than in nonsmokers (3, 23) . Our findings that heavy smokers have lower antioxidant vitamin and fiber intakes than nonsmokers are consistent with data obtained in other countries; other studies reported that smokers consume significantly less vitamin C (3-5, 17, 18, 22, 24-27) , vitamin E (17, 22, 24, 25) , carotene (3, 4, 17, 24, 26) , vitamin A (5, 18, 22, 27), and fiber (3-5, 22, 23) than do nonsmokers. The significant differences in food intakes reported here between heavy smokers and nonsmokers were shown also in other communities in which smokers had higher intakes of meat, meat products, and potatoes and lower intakes of fruit, vegetables, and milk products (3-5, 18, 21, 28-32) . Poorer dietary practice associated with smoking, which is observed around the world in various cultures, could be a reflection of the different personality types of smokers and nonsmokers, with less healthy lifestyles and a lack of dietary knowledge more common in persons who smoke. Because differences in food consumption remained significant after adjustment for demographic characteristics in our study, the lifestyle of healthy smokers seems to be independent of marital or educational status. The hypothesis involving the effect of smoking (via nicotine) on taste is more likely to be true (33) ; for example, according to Whichelow et al (31) and Grungberg et al (34, 35) , smokers may find sweet foods, fruit, fruit juice, and brown bread less palatable than fried foods and white bread. Our finding that exsmokers consumed more antioxidant-rich foods and had higher intakes of vitamin E, vitamin C, and carotene than heavy smokers agrees with previous studies suggesting that exsmokers have a healthier diet than current smokers (4, 5, 17, 26, (36) (37) (38) . Moreover, the percentage of fat intake as polyunsaturated fatty acids was higher in exsmokers than in heavy smokers.
Our results show that moderate smokers are similar to nonsmokers in antioxidant as well as total dietary intake. This finding generally corresponds with results from Zondervan et al's study (4) , in which light smokers were considered as a separate group, but do not agree with those of many other authors who found significant differences between light or moderate smokers and nonsmokers (3, 17, 31, 39) .
Our data confirm that cigarette smoking is associated with decreased plasma vitamin C concentrations (7, 17, (24) (25) (26) (27) (40) (41) (42) (43) . This association persisted despite correction for factors that independently affected plasma ascorbic acid concentrations, such as alcohol and vitamin intakes, but the strength of linkage was reduced. This observation suggests that smoking directly lowers plasma vitamin C concentrations by mechanisms that do not depend on dietary vitamin C intake, such as impaired vitamin C absorption (44) or decreased turnover (41, 45) .
Our estimate of the effect of smoking on circulating concentrations of ␤-carotene generally agrees with the conclusions of other studies (17, (24) (25) (26) ; lowered plasma ␤-carotene concentrations in smokers have been ascribed in part to enhanced metabolic turnover resulting from smoking-induced oxidative stress (24) . We found no significant effect of smoking on either crude or adjusted values of plasma concentrations of ␣-carotene, zeax-SMOKING, DIET, AND ANTIOXIDANT STATUS 235 anthin, lycopene, and ␤-cryptoxanthin, despite a trend for ␣-carotene and ␤-cryptoxanthin to decrease in heavy smokers. In previous papers serum plasma ␣-carotene or ␤-cryptoxanthin appeared to be significantly reduced in smokers to the same degree as ␤-carotene (6, (46) (47) (48) (49) (50) , in agreement with the nonsignificant trend shown by our results. Smaller and usually nonsignificant differences between smokers and nonsmokers were found for lycopene and zeaxanthin-lutein (25, (47) (48) (49) .
Our results confirm previous reports of no effect of smoking on serum concentrations of vitamin E (17, 24, 25, 47, 49, 51, 52) ; the only difference between exsmokers and nonsmokers for crude values disappeared after adjustment for the effects of alcohol and vitamin E intakes and plasma lipids. We also observed no association between smoking and plasma retinol concentrations, in agreement with previous studies in men (17, 24, 47, 50, 52) and women (6) . Two previous studies, however, found a slight but significant negative association between smoking and plasma retinol (51, 53) .
Concerning indicators of lipid peroxidation, the interpretation of our results is more complicated. Protein Schiff bases measured by fluorescence were increased in smokers compared with nonsmokers, even after adjustment for the confounders (vitamin intake and plasma concentrations, alcohol consumption, age, and plasma lipid and albumin concentrations). Only Mezzetti et al (7) also reported an increase in fluorescent products of lipid peroxidation in smokers; assuming that these compounds reflect the interaction of peroxidation aldehydes with phospholipids, they could be a more sensitive marker of peroxidation than malondi- aldehyde or thiobarbituric acid-reactive substances. The lack of specificity of methods for estimating plasma malondialdehyde concentrations could explain the absence of variation observed with tobacco consumption in our sample. Increased lipid peroxidation in smokers was shown by Morrow et al (54) , who assayed F2 isoprostanes that are produced independently of the cyclooxygenase enzyme by the peroxidation of arachidonic acid, catalyzed by free radicals. F2 isoprostanes are initially formed in situ on phospholipids and are subsequently released preformed. In smokers, traces of oxidation have also been noticed at the level of proteins, as evidenced by the formation of carbonyl groups (55) . Oyer Scanlon et al (56) reported an increased number of oxidized LDL epitopes in the aorta of young dead people categorized as smokers by thiocyanate measurements. In smokers, elevation of oxidation and peroxidation products and reduction of antioxidant levels lead to an imbalance. But some additional mechanisms could be involved because this imbalance is not related clearly to the formation of more malondialdehyde adducts to LDL or antibodies to malondialdehyde-protein adducts in the blood. The quality of our analytic methods does not seem to be in doubt because other studies also failed to show a significant effect of tobacco consumption on amounts of autoantibodies against modified LDL (57-61). Only Salonen et al (62) found a positive correlation between the number of cigarettes smoked per day and the concentration of autoantibodies.
As shown in this study, in France as in other countries the antioxidant nutrient status of smokers may be compromised in two ways: 1) smoking depletes the body's supply of circulating ␤-carotene and vitamin C, presumably by creating an extra demand for antioxidants, and 2) smokers tend to consume diets that contain less than optimal amounts of antioxidant-rich foods. However, although three major studies found no benefits on lung cancer and coronary artery disease prevention of antioxidant supplementation in populations of long-term cigarette smokers (63) (64) (65) , the scientific community still recommends the dietary intake of fruit and vegetables and, obviously, cessation and prevention of smoking. 
